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Abstract

The highly dispersed silver nanoparticle-loaded poly(styrene-co-acrylic acid) nanocomposites (nAg@PSA) were prepared
and characterized by transmission electron microscopy and thermogravimetry. The amount and distribution of colloidal
silver per particle were related to the dissociation ratio of carboxyl groups in the PSA sphere. The amount of carboxyl
groups was evaluated by a conductivity titration curve. However, the dissociation of carboxyl groups on PSA is difficult to
determine accurately via existing methods because the dissociation ratio will increase with increasing impurity ions
during titration. We developed a technique to determine the dissociation ratio of PSA without impurity ions. This employs
a novel distance-variable parallel electrode system. Thus, the relationship between nano silver distribution and natural
dissociation of carboxyl groups on the surface of the PSA spheres was investigated for the first time.
Accurately measuring and controlling the dissociation facilitated the production of PSA spheres containing
highly dispersed silver nanoparticles. The catalytic performance of as-prepared nAg@PSA catalysts was studied by
reduction of 4-nitrophenol. By controlling the amount of natural dissociation ratio of carboxyl group on PSA sphere,
dispersion of silver nanoparticles can be designed and attained controllably. They offer easy synthesis, high catalytic
performance, and good recyclability.

Keywords: Poly(styrene-co-acrylic acid) microspheres, Silver nanoparticles, Distance-variable parallel electrodes system,
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Introduction
Recently, the preparation of core-shell composite micro-
spheres comprising a dielectric solid sphere covering a
metallic shell has attracted much attention. This interest
was triggered by their unique catalytic and optical proper-
ties. These core-shell microspheres have substantial po-
tential across a wide range of applications, such as
surface-enhanced Raman scattering (SERS) [1–5], catalysis
[6–10], nanoengineering of optical resonances [11, 12],
photonic crystals [13–15], or biochemistry [16, 17] for
such applications as chemical sensors. Many efforts have

been focused on preparing core-shell composite nano-
spheres with noble metallic shells due to their novel op-
tical and catalytic properties [18]. One of the most
frequently studied systems is composite microspheres
with silver shells. Various synthetic methods have been
studied, including self-assembly [19], seeding-plating [18],
successive ion layer adsorption and reaction (SILAR) [20],
and in situ reduction deposition [21].
However, there are few reports on the controlled prep-

aration of silver shells on poly(styrene-co-acrylic acid)
microsphere surfaces. The amount of silver nanoparticles
supported on poly(styrene-co-acrylic acid) composite
nanospheres is determined by several factors, including
the temperature, the amount of carboxyl groups, and the
amount of the dissociated charges around the PSA
spheres. The effect of temperature on the deposition of
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Ag nanoparticles has been explored and described in the
literature [22]. The amount of carboxyl groups has been
studied with conductivity titration methods [19]. The
number of dissociated charges is generally smaller than
the stoichiometric number because the behavior of the
weak acid depends on the ionic strength. Adding electro-
lyte salts during electrochemical measurements immeas-
urably increases the dissociation ratio of the carboxyl
groups. Consequently, quantitatively evaluating the
amount of the dissociated charges in the latex suspensions
is difficult. Nevertheless, the amount of dissociated carb-
oxyl groups per particle affects the deposition of silver
nanoparticles and was studied here by taking advantage of
a distance-variable parallel electrode system. This facili-
tates the controllable preparation of silver nanoparticles.
Some applications of silver nanoparticle-loaded poly(-

styrene-co-acrylic acid) nanospheres have been reported
[22–24]. Li and co-workers [22] prepared silver
nanoparticle-coated poly(styrene-co-acrylic acid) compos-
ite nanospheres and then used these nanospheres as
surface-enhanced Raman spectroscopy (SERS) substrates.
Song and co-workers [24] synthesized silver nanoparticle-
loaded poly(styrene-co-acrylic acid) nanospheres as anti-
bacterial agents. However, little research has been done on
the catalytic applications of silver nanoparticle-loaded
poly(styrene-co-acrylic acid). Surprisingly, there is no re-
port on the relationship between the dispersion of the Ag
nanoparticles and the dissociation ratio of carboxyl
groups. Our previous work [23] has reported a rough rela-
tionship between carboxyl groups and nano silver particles
by thermogravimetry and TEM results. This time we raise
a new viewpoint based on natural dissociation ratio of
carboxyl group by developing a novel accurate electro-
chemical measurement.
This report describes the accurate characterization of

natural dissociation ratio of carboxyl group of PSA
spheres via two wire electrodes to prevent entry of
impurities. We synthesized four sizes of latex particles to
vary the value of the dissociated charges. The formation
of well-distributed silver nanoparticles located on PSA
nanospheres then was investigated. Poly(styrene-co-
acrylic acid) nanospheres offer a large surface area for
immobilization of silver nanoparticles and controllable
dissociated carboxyl amount for good distribution of sil-
ver nanoparticles. This part seems similar with our pre-
viously work [23]. However, there is one critical progress
in this work that needs to be pointed out: It is natural
dissociation ratio of carboxyl group that fundamentally
decide the numbers of Ag nanoparticles rather than the
total numbers of carboxyl group. This conclusion only
can be established on accurate measurement of natural
dissociation ratio of carboxyl group. Such highly dis-
persed silver nanoparticles on the nAg@PSA nanocom-
posite show high catalytic performance by using the

reduction of 4-nitrophenol as a model reaction. This has
interesting potential for future studies.

Results and Discussion
Amount of Carboxyl Groups in the PSA Nanospheres
Figure 1 shows SEM micrographs and the correspond-
ing particle size distributions of four kinds of PSA
nanospheres. The particles were spherical with
well-controlled particle size distributions. The particle
sizes were studied via SEM, and the volume of the
nanospheres was calculated. The sizes are listed in
Table 1. The nanosphere volume, suspension density of
PSA suspension, and number of spheres in the stock
suspensions were determined by a previously published
method [23, 25–27].
The amount of carboxyl groups on the particle was de-

termined by conductivity titration which was reported
before [23]. The carboxyl loading levels (per particle) are
listed in Table 1. Figure 2 shows a logarithmic plot of
the total numbers of carboxyl group per particle with
the diameters of PSA sphere. The plot shows a linear re-
lation with a slope of 2.0. This is an evidence that the
carboxyl group may mainly be distributed in the spher-
ical surface rather than phase volume.

Natural Dissociation Ratio of Carboxyl Groups on PSA
Nanospheres
The cell was filled with a PSA suspension of known
latex concentration. Then, AC voltage of 10 mV was
applied to obtain the AC impedance of suspension
between parallel wire electrodes. The expression for
the solution resistance between two parallel wires is
approximately [22]

RS ¼ 0:916
log d=a−1ð Þ

LcΛ
ð1Þ

Here, Λ is the molar conductivity of the PSA suspension
with concentration c, d is the distance between two elec-
trodes, a is the radius of Pt wire, and L is the length of Pt
wire immersed in suspension. Resistance of the suspension
was obtained by Nyquist plots. Values of Z1 were plotted
against log(d/a − 1) for some frequencies in Fig. 3. The plot
for a given frequency fell on a line with the common slope.
This exhibits positive intercepts at log(d/a− 1) = 0 or d =
2a. The linear plot was partially supported by Eq. (1), and it
did not satisfy the proportionality of Eq. (1) in the appear-
ance (positive values of the intercepts). The intercept means
that the resistance would appear if the two electrodes were
to come in contact to each other. This resistance should be
located at the interface or included in the double layer. The
linearity slope that equals to 0.916/LcΛ, according to Eq.
(1), should be independent of frequency. The molar con-
ductivity values (based on molar concentration of the PSA
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Table 1 Properties of four PSA suspensions

Sample code 2r0 (1) (nm) n (2) c (3) (mol L−1) Λ (4) z (5) (S m2 mol−1)

PSA1 169.65 ± 3.56 3.84 × 105 1.88 × 10−8 3.42 × 102 4.23 × 103

PSA2 250.91 ± 7.36 7.20 × 105 4.44 × 10−9 8.61 × 102 8.71 × 103

PSA3 283.16 ± 7.39 1.13 × 106 1.94 × 10−9 1.63 × 103 1.34 × 104

PSA4 332.10 ± 4.80 1.60 × 106 6.77 × 10−9 2.30 × 103 1.74 × 104

(1)r0, the radii of PSA nanospheres
(2)n, the number of the −COOH per particle
(3)c, molar concentration of PSA nanospheres
(4)Λ, the molar conductivity of the PSA suspensions
(5)z, the number of −COO+ per particle

Fig. 1 SEM micrographs and the particle size distribution histograms of PSA nanospheres: a, b PSA1; c, d PSA2; e, f PSA3; g, h PSA4
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spheres, by regarding a PSA sphere as a huge charge
carrier) were calculated and averaged over frequencies
more than 150 Hz from the slope; these are listed in
Table 1. Since one PSA sphere carries a huge number
of −COOH, those values are much larger than ordin-
ary ions. Figure 3 shows the dependence of the molar
conductivity on the diameters of PSA sphere. They lie
on a straight line with a slope of 2.9 suggesting that
Λ ¼ kr30 . This implies that the large particles should
extremely enhance the molar conductivity since the
accumulation of charges is on a single sphere.

As we described before [23, 26], the molar conductiv-
ity of the latex suspension per NA latex particles were
defined as the sum of the molar conductivity of z free
hydrogen ions, zλH, and the conductivity of NA left z
charged −COO— carrier PSA sphere, λL:

ΛL ¼ zλH þ λL ð2Þ

Ionic conductivity is represented in terms of the diffu-
sion coefficient D, through

Fig. 2 Logarithmic plots of the number of −COOH and −COO+ per particle against the diameters of PSA spheres

Fig. 3 Plot of the real part of the AC impedance of a typical PSA suspension against log(d/a − 1) for frequencies f = 196.8, 508, 1000, and
1968 Hz, respectively
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λ ¼ Dz2F2

RT
ð3Þ

When Eq. (3) for hydrogen ion, λH = F2DH/RT, and the
latex particle, λL = F2z2DL/RTare inserted into Eq. (2), we
obtain

ΛL ¼ F2=RT
� �

zDH þ z2DL
� � ð4Þ

Here, DH and DL represent the diffusion coefficients of
hydrogen ion and −COO— carrier PSA sphere, respect-
ively. DL was estimated by the Stokes–Einstein equation,
and then inserted to Eq. (4) with DH (9.3 × 10−9 m2 s−1),
solving the equation for z. The results are listed in
Table 1. Figure 4 shows the plot of z with diameters of a
PSA sphere. The slope of the line is 2.1, which is nearly
equal to the slope of the linearity of n against 2r0. The
value of z/n was 0.01. This was calculated according to
Table 1, which represents the dissociation of the carb-
oxyl in a particle as

−COOHð Þn↔ −COOHð Þn−z −COO−ð Þz
þ zHþ 100↔99 : 1 : 1ð Þ ð5AÞ

This value indicates that the natural dissociation ratio
of –COOH was only 1%. The other portion is in the
neutral form of –COOH.
By inserting this result in Eq. (5A):

−COOHð Þ100↔ −COOHð Þ99COO− þHþ: ð5BÞ

The conductance is mainly caused by the formation of
(AH)99A

− and H+ through the reaction (5B).

In order to confirm the reliability of this methods and
as obtained results, we plotted the calculated values of
λL/D against z2 for the four latex particles and monova-
lent materials (for z = 1) on a logarithmic scale in Fig. 5.
As expected, it shows that a straight line passed
through values of monovalent materials. According to
Eq. (3), the values of λ/Dz2 (= F2/RT) should be con-
stant and independent of the diameters or other prop-
erties of the particles.

Mechanism of Silver Nanoparticles Supported on PSA
Nanospheres
PSA1–PSA4 was chosen as basal spheres to prepare
nAg@PSA1–nAg@PSA4 composite nanospheres while
keeping all other parameters constant (part “Materials
and Methods”). TEM micrographs of nAg@PSA1–
nAg@PSA4 nanocomposites are shown in Fig. 6. From
the micrographs, PSA covered with silver nanoparticles
were obvious. As the PSA nanospheres became larger,
an increasing number of silver nanoparticles became an-
chored onto the PSA nanospheres. The coverage and
uniformity of the silver nanoparticles on the PSA nano-
spheres increased accordingly. Figure 7a exhibits the
microstructure of Ag nanoparticles covered on PSA
nanospheres. The lattice spacing of the silver nanoparti-
cle is 0.23 nm, which agrees with the (111) plane of the
silver crystal. This confirmed that Ag nanoparticles were
successfully deposited. The deposition of Ag nanoparti-
cles can also be verified from the energy-dispersive
X-ray spectroscopy (EDX) data. EDX mapping of the re-
spective Ag and C elements given in Fig. 7b showed the
homogenous distribution of these elements. The EDX

Fig. 4 Variation of the molar conductivity with the diameters for PSA suspensions in logarithmic scale
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spectrum confirmed the presence of Ag, C, and O
(Fig. 7c). The Cu is from the supporting copper grid.
Thermogravimetric analysis was employed for further

quantitative characterization of silver nanoparticles cov-
ered on the PSA nanospheres. TG curves of PSA1 nano-
spheres and nAg@PSA composite nanospheres obtained
from PSA1–PSA4 nanospheres are shown in Fig. 6d.

The TG data allowed us to calculate the silver nanoparti-
cles’ weight contribution to the composite nanospheres.
We could then estimate the number of silver nanoparti-
cles via the weight p. The relationship between the dis-
tribution of silver nanoparticles and the dissociation
ratio of carboxyl groups is shown in Fig. 8. It is obvious
that the average number of silver particles per PSA

Fig. 5 Logarithmic plot of λ·D−1 against z2 for the four PSA suspensions and halide ions

Fig. 6 TEM images of nAg@PSA nanocomposites. a–d, corresponding to nAg@PSA1–nAg@PSA4

Zhao et al. Nanoscale Research Letters          (2018) 13:406 Page 6 of 12



Fig. 7 a HRTEM image of Ag on PSA4 nanospheres. b EDX mapping of nAg@PSA4 composite nanospheres. c EDX spectrum of nAg@PSA4
composite nanospheres. d TG curves of nAg@PSA1-nAg@PSA composite spheres

Fig. 8 Variation of the amount of silver nanoparticles with number of −COO+ per particle
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particle increased linearly with the number of dissoci-
ated carboxyl groups. This result may relate to the for-
mation of silver nanoparticles on the surface of
composite. The negatively charged carboxyl groups at-
tract the positively charged silver cations via ion pair for-
mation. The attached silver ions are reduced by sodium
borohydride, and this is a rapid reducing agent that can
induce formation of silver nuclei. The resulting silver
nuclei act as nucleation centers; growth occurs by diffu-
sion of silver ions in the solution towards the particle
surfaces. These can be interpreted as heterogeneous nu-
cleation/growth sites eventually forming silver nanopar-
ticles. The formation of silver nanoparticles is strongly
governed by the balance of the nucleation rate and par-
ticle growth.

Catalytic Performance
The reduction of 4-nitrophenol to 4-aminophenol is a
model catalytic reaction and was employed to evaluate
the catalytic activity of nAg@PSA nanocomposites. The
catalytic reaction was monitored by UV-Vis spectros-
copy. The mixture of NaBH4 and 4-nitrophenol showed
an absorption band at 400 nm corresponding to the
4-nitrophenolate ion. Figure 9a–c illustrated the reduc-
tion reaction of 4-nitrophenol observed at different
times using different nAg@PSA4 amounts as the

catalyst. The intensity of the absorption band at 400 nm
gradually decreased and eventually disappeared over
time. This is accompanied by the appearance of a new
band around 300 nm corresponding to 4-aminophenol.
These indicated the conversion of 4-nitrophenol to
4-aminophenol. During this reaction process, the overall
concentrations of NaBH4 and 4-nitrophenol were 36
mM and 0.12 mM, respectively. The concentration of
4-nitrophenol is proportional to its absorbance; the con-
centration at reaction time t (Ct) and time t = 0 (C0) are
equivalent to the absorbance at reaction time t (At) and
time t = 0 (A0). Figure 9d plots ln(At/A0) versus reaction
time in seconds. The results indicated that ln(At/A0) de-
creased linearly with time. This follows a pseudo-first--
order kinetic behavior. The rate constant k at room
temperature was calculated from the slope, and the
constants of nAg@PSA4 containing 0.0041 mg Ag,
nAg@PSA4 containing 0.0054 mg Ag, and nAg@PSA4
containing 0.0068mg Ag were 1.66 × 10− 3 s−1, 4.52 ×
10−3 s−1, and 6.80 × 10−3 s−1, respectively. These results
showed that the more the catalyst amount, the faster
the reaction rate. The largest rate constant k at room
temperature is comparable to the counterpart of pre-
viously reported Ag nanocomposite catalysts, such as
0.7 × 10−2 s−1 of G4-PAMAM-NH2(Ag12) [28], 1.274 ×
10−2 s−1 of Ag10@SBA-15 [29], 6.2 × 10−3 s−1 of CNFs/

Fig. 9 a UV-vis spectra of 0.12 mM 4-NP with 36mM NaBH4 in the presence of nAg@PSA4 nanocomposites (containing 0.0041mg Ag). b UV-vis
spectra of 0.12 mM 4-NP with 36mM NaBH4 in the presence of nAg@PSA4 nanocomposites (containing 0.0054mg Ag). c UV-vis spectra of 0.12
mM 4-NP with 36 mM NaBH4 in the presence of nAg@PSA4 nanocomposites (containing 0.0068mg Ag). d The plot of ln(At/A0) against the
reaction time in the presence of nAg@PSA4 as a catalyst
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AgNPs [30], and 31.64 × 10−2 min−1 of [AgCl2]
−

complex [31].
The reduction reactions of 4-nitrophenol, using

nAg@PSA2 and nAg@PSA3 as the catalyst, are shown
in Fig. 10a, b. With the same addition of silver amount,
the rate constants of nAg@PSA2, nAg@PSA3, and
nAg@PSA4 were 2.92 × 103 s−1, 5.07 × 103 s−1, and
6.80 × 103 s−1, respectively (Fig. 10c). These results dem-
onstrate that the catalytic performance of nAg@PSA in-
creases with the increase of diameter of PSA
nanospheres, or the number of silver particles per PSA
particle. With the increase in the diameter of PSA
sphere, the as fabricated catalytic film would be more
polyporous with the higher dispersity of Ag nanoparti-
cles. Higher dispersity offers more opportunity for reac-
tants reaching to surface of Ag nanoparticles.
Figure 10d, e shows that the reaction rates increased

with increasing silver particle size and amount of silver
per square centimeter of PSA nanospheres surface, re-
spectively. Figure 10f showed that the reaction speed in-
creases with smaller amounts of nanospheres per cubic
centimeter of nAg@PSA suspension.
To evaluate the reusability, nAg@PSA nanocomposites

were deposited on a glass sand funnel to form a catalytic
membrane. When the reaction mixture (36 mM NaBH4

and 0.12 mM 4-NP) passed through the membrane, the
yellow color faded in the reaction mixture demonstrat-
ing a fast catalytic reaction (Fig. 11a). The conversion
rate of 4-nitrophenol was determined by At/A0 at λ =
400 nm. According to Fig. 11b, the conversion rate was
96% after passing through the catalytic membrane.
Moreover, from Fig. 11c, the catalytic membrane was ac-
tive up to eight cycles of 4-nitrophenol reduction—this
confirms the high reusability of the catalyst.

Fig. 10 a UV-vis spectra of 0.12 mM 4-NP with 36 mM NaBH4 in the presence of nAg@PSA2 nanocomposites (containing 0.0068mg Ag). b UV-vis
spectra of 0.12 mM 4-NP with 36mM NaBH4 in the presence of nAg@PSA3 nanocomposites (containing 0.0068mg Ag). c Plot of ln(At/A0) against
the reaction time in the presence of nAg@PSA nanocomposites (containing 0.0068mg Ag) obtained from PSA2–PSA4 nanospheres. d Effects of
the particle size of silver nanoparticles on the rate constant. e Effects of the silver amount per square centimeter of PSA nanospheres surface on
the rate constant. f Effects of the nanosphere amount per cubic centimeter of nAg@PSA suspension on the rate constant
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Conclusions
We synthesized monodisperse poly(styrene-co-acrylic
acid) (PSA) nanospheres via soap-free emulsion
polymerization, and the nAg@PSA composite nano-
spheres could be facilely prepared through the in situ
reduction of silver nitrate via sodium borohydride in
aqueous solution. SEM micrographs of PSA nano-
spheres indicated that the PSA nanospheres were
spherical with a narrow particle size distribution. The
plot of carboxyl against the diameters was linear with
a slope of 2.0. This indicates that the carboxyl groups
are mainly distributed on the surface of PSA nano-
spheres. Dissociation should occur on the particle
surface rather than within the particle volumetrically
because the amount of dissociated carboxyl groups is
proportional to the surface area of the latex particle.
The amount (z) of dissociated carboxyl groups is 1%
of the amount (n) of carboxyl groups. TEM con-
firmed the formation of silver nanoparticles coated
onto the PSA nanospheres. The dissociated charges
on the surfaces of PSA nanospheres had a major in-
fluence on the coverage of Ag nanoparticles on PSA
nanospheres. The catalytic performance of nAg@PSA
nanospheres was investigated in catalyzing the reduc-
tion of 4-nitrophenol. These synthesized nAg@PSA
nanospheres contained highly dispersed silver
nanoparticles with high catalytic activity and good
recyclability.

Materials and Methods
Materials
Acrylic acid (AA), potassium persulfate (KPS), sodium
borohydride (NaBH4), silver nitrate (AgNO3), and so-
dium hydroxide were purchased from Aladdin Chemical
Reagent Co., Ltd. (Shanghai, China). Styrene (St) was
supplied by Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). All chemicals were of analytical grade and were
used as received unless specified.

Synthesis of PSA Nanospheres
PSA nanospheres were prepared according to the litera-
ture [22–24, 32, 33]. Typically, AA and H2O (130 mL)
were initially charged into a glass flask. Styrene was
added after the dissolution of feeded AA. The flask was
then heated to 75 °C with stirring under nitrogen condi-
tion. Polymerization was initiated after KPS solution (20
mL) was injected and then maintained at 75 °C for 12 h.
Other operation parameters were shown in Table 2. The
products were purified by seven cycles of centrifuga-
tion–redispersion in distilled water and then finally dis-
persed in water.

Preparation of nAg@PSA Composite Nanospheres
The typical procedure for fabricating nAg@PSA nano-
composites [22–24] is described as follows: PSA disper-
sion (500 mL, 0.3 mg ml−1) was mixed with aqueous
solution of AgNO3 (12.5 mL, 10 mM) in the glass flask.

Fig. 11 a Photograph showing the fast reduction of 4-NP passing through an nAg@PSA catalytic membrane. b UV-vis spectra of 0.12 mM 4-NP
with 36mM NaBH4 before and after passing through the nAg@PSA catalytic membrane. c The conversion rate of 4-NP during the cyclic testing
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The mixture dispersion was stirred at 300 r min−1 for 5 h at
room temperature. After that, NaBH4 (12.5mL, 10mM)
was added to the dispersion and the resulting mixture was
allowed to react at 0 °C for 2 h with stirring. The suspension
was centrifuged (20min, 12,000 r min−1), and the precipi-
tate was washed with distilled water (30mL). This centrifu-
gation–redispersion cycle was repeated four times to
remove impurities.

Catalytic Performance Experiments
The reaction of 4-nitrophenol by sodium borohydride
catalyzed with nAg@PSA nanocomposites was per-
formed in aqueous solution. The reaction procedure was
as follows: NaBH4 aqueous solution (4.5 mL, 80 mM)
was mixed with 4-NP solution (0.5 mL, 2.4 mM) in a
10-mL Eppendorf tube. Then, the nAg@PSA nanocom-
posites were added into the mixture solution, and the
volume was adjusted to 10mL with distilled water. Im-
mediately after, an aliquot was placed in a 1-cm path
length quartz cell for UV-vis spectroscopy.
The nAg@PSA4 suspension (containing 1.3538mg Ag)

was filtered through a glass sand funnel equipped with fil-
ter conical flask, deposited on a filter paper, and washed
with distilled water (100mL). The 10mL of solution (36
mM NaBH4 and 0.12mM 4-NP) was subjected to vacuum
filtration in the funnel covered by the nAg@PSA4 mem-
brane. The collected solution in the conical flask was char-
acterized with UV-Vis spectroscopy. To evaluate the
reusability of the nAg@PSA4 catalyst, the membrane was
washed with distilled water and reused.

Distance-Variable Parallel Electrodes System and
Instruments
Distance-variable parallel electrodes systems were com-
posed by two platinum wires 0.1 mm in diameter and an
xz positioner. As illustrated in Fig. 12, one of the wires
was fixed, and the distance d was adjusted by moving
the y axis of the xz positioner. The length is immersed
in solution controlled by the z axis of the xz positioner.
AC impedance with a different distance was obtained,
according to our previous works [25–27].
The nanoparticle features and the location of the silver

particles on the latex surface were investigated by SEM
and TEM (JEOL JEM-2010, JEOL Ltd., Tokyo, Japan).

The content of silver nanoparticle coatings on PSA
nanospheres was analyzed by thermogravimetric analysis
(Perkin Elmer Pyris 1, Perkin-Elmer Co., USA). The
UV-Vis spectra were recorded on Shimadzu UV-2550
spectrophotometer (Shimadzu, Kyoto, Japan) at room
temperature.
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nanospheres; z: The number of –COO— per PSA microsphere; Λ: The molar
conductivity of the PSA suspension with concentration c

Acknowledgements
We acknowledge the valuable discussion provided by Dr. Libin Yang.

Funding
We would like to thank the National Natural Science Foundation of China
(NSFC. 21503146), the Natural Science Foundation of Tianjin Municipality
(18JCYBJC21200), and Yangtze Scholars and Innovative Research Team in
Chinese University (IRT-17R81) in supporting the work.

Availability of Data and Materials
We declared that the data generated or analyzed and the materials described in
this study are included in this article will be freely available to any scientist
wishing to use them for non-commercial purposes, without breaching participant
confidentiality.

Authors’ Contributions
XZ proposed the project and revised the whole manuscript. YZ, JZ, YW, RL, and
XZ designed the experiments and wrote the paper. RC, LZ, and ZS discussed and
revised the partial manuscript. GL and PX contributed SEM and TEM analysis. All
authors analyzed the data and reviewed the manuscript. All authors contributed
to the general discussion. All authors read and approved the final manuscript.

Table 2 Recipes of PSA nanospheres

Sample code AA (g) St (g) KPS (g) Stirrer speed
(r min−1)

PSA1 0.9 6 0.12 400

PSA2 0.3 6 0.48 300

PSA3 0.3 6 0.24 300

PSA4 0.9 18 0.24 300

Fig. 12 Illustration of the parallel distance-variable electrode system

Zhao et al. Nanoscale Research Letters          (2018) 13:406 Page 11 of 12



Authors’ Information
Dr. Xiaoyu Zhao received his PhD degree in materials engineering and molecular
engineering from University of Fukui, Japan, in 2014. Then, he joined
Tianjin University of Science and Technology as an associate professor.
His current research focuses on the particle technology and
electrochemistry.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Tianjin Key Laboratory of Marine Resources and Chemistry, College of
Chemical Engineering and Materials Science, Tianjin University of Science
and Technology, Tianjin 300457, China. 2State Key Laboratory of
Environmental Chemistry and Ecotoxicology, Research Center for
Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085,
China. 3College of Food Engineering and Biotechnology, Tianjin University of
Science and Technology, Tianjin 300457, China.

Received: 10 July 2018 Accepted: 2 December 2018

References
1. Oldenburg SJ, Westcott SL, Averitt RD et al (1999) Surface enhanced Raman

scattering in the near infrared using metal nanoshell substrates. J Phys
Chem 111:4729–4735

2. Hardiansyah A, Chen AY, Liao HL et al (2015) Core-shell of FePt@ SiO
2-Au magnetic nanoparticles for rapid SERS detection. Nanoscale Res
Lett 10(1):412

3. Ma L, Huang Y, Hou M et al (2016) Pinhole effect on the melting behavior
of Ag@ Al 2 O 3 SERS substrates. Nanoscale Res Lett 11(1):170

4. Li JM, Ma WF, Wei C, Hu J, Wang CC (2011) Poly(styrene-co-acrylic acid)
core and silver nanoparticle/silica shell composite microspheres as high
performance surface-enhanced Raman spectroscopy (SERS) substrate and
molecular barcode label. J Mater Chem 21:5992

5. Hu Y, Zhao T, Zhu PL, Wong CP (2016) Tailoring size and coverage density
of silver nanoparticles on monodispersed polymer spheres as highly
sensitive SERS substrates. Chem Asian J 11:2428–2435

6. Chen CW, Serizawa T, Akashi M (1999) Preparation of platinum colloids on
polystyrene nanospheres and their catalytic properties in hydrogenation.
Chem Mater 11:1381–1389

7. Qin Y, Cui Y, Tian Z et al (2017) Synthesis of AG@ AgCl core–shell structure
nanowires and its photocatalytic oxidation of arsenic (III) under visible light.
Nanoscale Res Lett 12(1):247

8. Wen F, Zhang WQ, Wei GW, Wang Y, Zhang JZ, Zhang MC (2008) Synthesis
of noble metal nanoparticles embedded in the shell layer of core-shell poly
(styrene-co-4-vinylpyridine) micospheres and their application in catalysis.
Chem Mater 20:2144–2150

9. Zeng J, Yang J, Lee JY, Zhou WJ (2006) Preparation of carbon-supported
core-shell Au-Pt nanoparticles for methanol oxidation reaction: the
promotional effect of the Au core. J Phys Chem B 110:24,606–24,611

10. Jiang ZJ, Liu CY, Sun LW (2005) Catalytic properties of silver nanoparticles
supported on silica spheres. J Phys Chem B 109:1730–1735

11. Oldenburg S, Averitt R, Westcott S, Halas N (1998) Nanoengineering of
optical resonances. Chem Phys Lett 288:243–247

12. Jackson J, Halas N (2001) Silver nanoshells: variations in morphologies and
optical properties. J Phys Chem B 105:2743–2746

13. Zhang WY, Lei XY, Wang ZL, Zheng DG, Tam WY, Chan CT, Sheng P (2000)
Robust photonic band gap from tunable scatterers. Phys Rev Lett 84:2853

14. Wang Z, Chan CT, Zhang W, Ming N, Sheng P (2001) Three-dimensional
self-assembly of metal nanoparticles: possible photonic crystal with a
complete gap below the plasma frequency. Phys Rev B. 64:113,108

15. Liang Z, Susha AS, Caruso F (2002) Metallodielectric opals of layer-by-layer
processed coated colloids. Adv Mater. 14:1160–1164

16. Siiman O, Burshteyn A (2000) Preparation, microscopy, and flow cytometry
with excitation into surface plasmon resonance bands of gold or silver

nanoparticles on aminodextran-coated polystyrene beads. J Phys Chem B
104:9795–9810

17. Hu Z, Tan J, Lai Z et al (2017) Aptamer combined with fluorescent silica
nanoparticles for detection of hepatoma cells. Nanoscale Res Lett 12(1):96

18. Zhang J, Liu J, Wang S, Zhan P, Wang Z, Ming N (2004) Facile methods
to coat polystyrene and silica colloids with metal. Adv Funct Mater 14:
1089–1096

19. Cassagneau T, Caruso F (2002) Contiguous silver nanoparticle coatings on
dielectric spheres. Adv Mater 14:732–736

20. Shuang S, Ruitao L, Cui X, Xie Z, Zheng J, Zhang Z (2018) Efficient
photocatalysis with graphene oxide/Ag/Ag2S–TiO2 nanocomposites under
visible light irradiation. RSC Adv 8:5784–5791

21. Mayer A, Grebner W, Wannemacher R (2000) Preparation of silver−latex
composites. J Phys Chem B 104:7278–7285

22. Li JM, Ma WF, Wei C, You LJ, Guo J, Hu J, Wang CC (2011) Detecting trace
melamine in solution by SERS using Ag nanoparticle coated poly(styrene-
co-acrylic acid) nanospheres as novel active substrates. Langmuir. 27:
14,539–14,544

23. Zhang J, Zhao XY, Wang YF, Zhu L, Yang LB, Li G, Sha ZL (2017) Preparation
and structural analysis of nano-silver loaded poly(styrene-co-acrylic acid)
core-shell nanospheres with defined shape and composition.
Nanomaterials. 7:234

24. Song CF, Chang Y, Cheng L, Xu YT, Chen XL, Zhang L, Zhong LN, Dai LZ
(2014) Preparation, characterization, and antibacterial activity studies of
silver-loaded poly(styrene-co-acrylic acid) nanocomposites. Mater Sci Eng C
36:146–151

25. Aoki KJ, Hou YD, Chen JY, Nishiumi T (2013) Resistance associated with
measurements of capacitance in electric double layers. J Electroanal Chem.
689:124–129

26. Zhao XY, Aoki KJ, Chen J, Nishiumi T (2014) Which controls conductivity of
sulfonic latex suspension, hydrogen ion or latex core? Int J Electrochem Sci
9:2649–2661

27. Aoki KJ, Zhao XY, Chen J, Nishiumi T (2013) Voltammetry in low
concentration of electrolyte supported by ionic latex suspensions. J
Electroanal Chem 697:5–9

28. Mulisa N, Reinout M (2013) Synthesis and characterization of Cu, Ag and Au
dendrimer-encapsulated nanoparticles and their application in the
reduction of 4-nitrophenol to 4-aminophenol. J Colloid Interface Sci 389:
260–267

29. Bhanudas N, Subhenjit H, Vadakkethonippurathu SP, Narendra NG (2011)
Synthesis of Ag nanoparticles within the pores of SBA-15: an efficient
catalyst for reduction of 4-nitrophenol. Catal Commun. 12:1104–1108

30. Zhang P, Shao C, Zhang Z, Zhang M, Mu J, Guo Z, Liu Y (2011) In situ
assembly of well-dispersed Ag nanoparticles (AgNPs) on electrospun carbon
nanofibers (CNFs) for catalytic reduction of 4-nitrophenol. Nanoscale. 3:
3357–3363

31. Subhra J, Sujit KG, Sudip N, Surojit P, Snigdhamayee P, Sudipa P, Soumen B,
Takeshi E, Tarasankar P (2006) Synthesis of silver nanoshell-coated cationic
polystyrene beads: A solid phase catalyst for the reduction of 4-nitrophenol.
Appl Catal A 313:41–48

32. Fang KJ, Ren B (2014) A facile method for preparing colored nanospheres of
poly(styrene-co-acrylic acid). Dyes Pigm. 100:50–56

33. Yan R, Zhang YY, Wang XH, Xu JX, Wang D, Zhang WQ (2012) Synthesis of
porous poly(styrene-co-acrylic acid) microspheres through one-step soap-
free emulsion polymerization: whys and wherefores. J Colloid Interface Sci
368:220–225

Zhao et al. Nanoscale Research Letters          (2018) 13:406 Page 12 of 12


	Abstract
	Introduction
	Results and Discussion
	Amount of Carboxyl Groups in the PSA Nanospheres
	Natural Dissociation Ratio of Carboxyl Groups on PSA Nanospheres
	Mechanism of Silver Nanoparticles Supported on PSA Nanospheres
	Catalytic Performance

	Conclusions
	Materials and Methods
	Materials
	Synthesis of PSA Nanospheres
	Preparation of nAg@PSA Composite Nanospheres
	Catalytic Performance Experiments
	Distance-Variable Parallel Electrodes System and Instruments
	Abbreviations

	Acknowledgements
	Funding
	Availability of Data and Materials
	Authors’ Contributions
	Authors’ Information
	Competing Interests
	Publisher’s Note
	Author details
	References

